We discover a pair of spin-polarized surface bands on the (111) face of grey arsenic by using angle-resolved photoemission spectroscopy (ARPES). In the occupied side, the pair resembles typical nearly-free-electron Shockley states observed on noble-metal surfaces. However, pump-probe ARPES reveals that the spin-polarized pair traverses the bulk band gap and that the crossing of the pair atΓ is topologically unavoidable. First-principles calculations well reproduce the bands and their non-trivial topology; the calculations also support that the surface states are of Shockley type because they arise from a band inversion caused by crystal field. The results provide compelling evidence that topological Shockley states are realized on As(111).
Due to the abrupt potential change on the crystal surface, the electronic states that only exist on the surface may appear. Shockely pointed out that such surface states, called Shockely states later, lie in an inverted bulk band gap induced by crystal field 1 . Shockley states were found on the surface of a variety of semiconductors and metals (Cu, Ag, Au, etc.) [2] [3] [4] [5] [6] , generally exhibiting nearlyfree-electron (NFE) band dispersion. Later, it was found that the surface states on Au(111) exhibit a spin-split doublet 4 , due to the Rashba effect 7 . As the topological surface states have attracted much interest recently, Yan et al. predicted that the Shockley states on the surfaces of several noble metals are topologically entangled 8 . A direct measurement of the surface-to-bulk band connection by angle-resolved photoemission spectroscopy (ARPES) is necessary to confirm the band topology. However, it is difficult to determine their band topology by ARPES, because the surface bands of the noble metals connect to the bulk states at several electronvolts above the Fermi level (E F ).
In this work, we discover such topologically entangled Shockley states existing on the (111) face of grey arsenic by using time-resolved ARPES (TARPES) and spinresolved ARPES (SARPES). In contrast with the other intensively studied group VA elemental crystals [9] [10] [11] [12] [13] [14] [15] [16] , such as bismuth, antimony, and black phosphorous, the electronic structures of arsenic crystals have not been investigated experimentally. We reveal that As(111) accommodates a pair of spin-split surface states. In the occupied states, the surface bands resemble the two-dimensional NFE bands subject to Rashba effect, the same as the Shockley states on the surfaces of noble metals. By visualizing the dispersions throughout the bulk band gap with TARPES, we find that the pair of the surface bands traverses the bulk band gap and is topologically entangled. Together with first-principles calculations, our results clearly show a nontrivial band topology of the Shockley states on As(111).
High quality single crystals of grey arsenic were synthesized by the chemical vapor transport method. The TARPES measurements were carried out with 1.48-eV pump and 5.92-eV probe pulses at the repetition rate of 250 kHz 17 . The SARPES measurements were carried out using a custom-made ScientaOmicron DA30-L attached with twin VLEED spin detectors and a VUV laser system delivering 6.994-eV photons 18 . The synchrotron ARPES measurements were performed at the Dreamline of the Shanghai Synchrotron Radiation Facility and at the SIS beam line of the Swiss Light Source. For all the ARPES measurements, the samples were cleaved in situ along the (111) plane and measured under high vacuum below 7 × 10 −11 Torr. The Vienna ab initio simulation package (VASP) was employed for first-principles calculations. The generalized gradient approximation of Perdew-Burke-Ernzerhof type was used for the exchangecorrelation potential. To calculate the As(111) surface states, we have built a lattice composed of 33 layers of As and a vacuum layer of 12Å.
Arsenic has three types of allotropes: grey, yellow, and black arsenic. In this work, we systematically investigate the electronic structure of grey arsenic, which has a rhombohedral primitive cell with space group of R3m (No. 166). As illustrated in Fig. 1(a) , the crystal can be regarded as a stacking of As bilayer along the [111] direction. The As atoms within the bilayer form a buckled honeycomb lattice. The bulk Brillouin zone (BZ) and the (111) surface BZ are shown in Fig. 1(b) . The projection of the bulk bands on the (111) surface BZ, as shown in Fig. 1(c) , provides an easy view of the overall bulk band structure, which shows a semimetal feature, i.e., both the bulk valence and bulk conduction bands cross E F , while there is a gap between the two throughout the BZ. The The parabolic surface bands exhibit Rashba-type spin splitting, as revealed by the laser-SARPES measurements 18 . Figure 1 (g) displays that the bands alongΓ−K show significant spin polarization in the x direction. In contrast, no obvious spin polarizations are observed in the y and z directions (see Fig. S3 in the Supplemental Materials). Likewise, the bands alongΓ −M are mainly polarized along the y direction (see Fig. S2 in the Supplemental Materials). The spin texture is identical to that of the well-known Rashba-type spin-split surface states on Au(111) 4 . Another consistency between the surface states on As(111) and Au(111) is that the surface bands are well described by the NFE model. In the NFE model, the band dispersions of Rashba-split states follow
2 + E 0 , where ∆k describes the magnitude of the spin splitting and m * is the effective mass. Figure 1(h) shows that the parabolic surface bands of As(111) are nicely described by the NFE model with ∆k ∼ 0.0054Å −1 and m * = 0.07 m e .
While the occupied surface states on As(111) are well described by the NFE model, we clearly observe that the dispersions in the unoccupied side exhibit significant deviation along bothΓ −M andΓ −K directions in Fig. 2(a) . The unoccupied states above E F were revealed by TARPES with the pump-and-probe method: When impinged by an intense femtosecond pump pulse, electrons are redistributed into the unoccupied side, so that the bands therein can be observed by TARPES 17 . The pump-induced dynamics along theΓ −K direction is displayed in Fig. 2(b) . In theΓ −K direction, one of the pair disperses into the conduction band, while the other turns back and merges into the valence band. As illustrated in Fig. 2(c) , such a surface-to-bulk connection shows the nontrivial band topology. Along theΓ-M direction, the topological connection between the surface and bulk states is not directly determined from the ex- 
Without pump TABLE I. Symmetry labels for the five valence bands of grey arsenic at eight TRIMs, which satisfy k = −k + G for a reciprocal lattice vector G. The Z2 topological index ν0 can be expressed as the parity product over all eight TRIMs, (−1)
δi, where δi is the parity product at each TRIM 14 .
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perimental data, but confirmed by first-principles calculations shown below.
We perform first-principles calculations to confirm the topological nature of the band structure. The calculations show that there is a band inversion between 4p and 5s states at the T point induced by crystal field. As seen in Fig. 3(a) , the band inversion leads to a band crossing slightly above E F along T − W . We denote the band crossing point along T − W as the S point [ Fig. 3(b) ]. In the absence of spin-orbit coupling (SOC), the band crossing forms a Dirac nodal line in the three-dimensional (3D) BZ, as shown in Fig. S4 in the Supplemental Materials. When the SOC is turned on, the nodal line is fully gapped, leading to a direct energy gap between the valence and conduction bands at every momentum in the whole BZ. In analogy to 3D band insulator, we can derive the Z 2 topological invariant ν 0 , which distinguishes the strong topological insulator (TI) (ν 0 = 1) from weak TI and ordinary insulator (ν 0 = 0). Since the lattice has inversion symmetry, ν 0 can be calculated from the parity eigenvalues of all valence bands at eight time-reversal invariant momenta (TRIMs), i.e., Γ, T , three L and three X points. The calculation of Z 2 invariant of grey arsenic is shown in Table I . The ν 0 = 1 indicates that the grey arsenic belongs to a strong TI 14 , which is consistent with the previous calculations 19 . In Fig. 3(d) , we present the slab calculations of surface and bulk band structures, which reproduce well the experimental results. Around Γ, the surface bands follow the NFE behavior well. As the surface bands approach the S point, the two branches connect to the bulk conduction and valence states, respectively. The lower branch of the surface bands bends downwards as it merges into the bulk valence states. This leads to a flower-like FS formed by the surface bands, which encloses the projected FS continuum of the bulk valence states, as displayed in Fig. 3(e) . This is confirmed by the FS mapping in Fig. 3(f) , which shows a six-fold surface state FS enclosing a three-fold bulk state FS. In total, there are three surface state FSs enclosing the TRIMΓ point, which supports a nonzero Berry's phase. This is distinguished from the trivial Rashba-split states, in which two concentric spin-polarized FSs enclosē Γ.
The band topology of grey arsenic is essentially the same as the well-known strong TIs Bi 2 Se 3 family. The surface states on As(111) can be regarded as a heavily deformed Dirac cone. However, the origin of the surface states on As(111) is distinguished from the Dirac cone in the Bi 2 Se 3 family. The band inversion in the Bi 2 Se 3 family is induced by the SOC, and thus the surface Dirac cone appears only when the SOC is included 20 . In contrast, the band inversion in grey arsenic is caused by crystal field and the surface states persist even without SOC 19 , which means the surface states on As(111) are of Shockley type. In the absence of SOC, the Shockley states connect to the bulk states at the band crossing points, as shown in Fig. 4(b) . When the SOC is included, the bulk states are gapped at the band crossing points. The SOC has two effects on the Shockley states: causing Rashba splitting and inducing the evolution to topologically trivial or nontrivial surface states, depending on the topology of the bulk band structure [Figs. 4(a) and 4(c)]. Therefore, the topological surface states on As(111) dramatically deviate from the Dirac-cone-like band dispersion but exhibit Rashba-type band splitting near the TRIM pointΓ.
The surface Rashba effect originates from the SOC and effective electric field that describes the inversionsymmetry breaking on surface 7, [21] [22] [23] , in which the band splitting itself has no connection with the band topology. Thus it can occur on topologically trivial surface states 21 . While in the As case, the spin splitting nearΓ is dominated by the Rashba effect, but the surface state is topologically entangled and thus its existence is guaranteed by the bulk band topology. In this sense we call this type of surface states on As(111) topological Rashba-split Shockley states. There are emerging proposals for reexamining the topological nature of Shockley states on elemental single crystals. For example, it was recently predicted that in beryllium a band inversion occurs at Γ due to the crystal field effect and the derived surface states are topologically nontrivial 16 . As mentioned above, there is also a proposal to explain the Rashba-split Shockley states on noble metals as topologically nontrivial 8 . However, experimental confirmations of these proposals are difficult, because of either the small energy scale of SOC in beryllium or the surface-to-bulk band connection far above E F in noble metals. Instead, we successfully probed the band topology in grey arsenic and our study provides a model for understanding the topological nature of the Shockley states observed in numerous materials.
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